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ABSTRACT 
Goudriaan, J., 1989. Simulation of micrometeorology of crops, some methods and their problems, 
and a few results. Agric. For. Meteorol., 47: 239-258. 
Three different models for the energy exchange of the canopy-soil system with the atmosphere 
are described. A first approximation is the so-called "big leaf" model. In this model, the canopy 
surface is characterized by a single crop resistance and by an atmospheric boundary layer resis-
tance. A second approximation, and a major improvement, is a "greenhoused canopy" model which 
has stratification with respect to radiation and wind velocity, but not with respect to air temper-
ature and humidity. In the third approximation, gradients in air properties inside the canopy are 
also included. A scheme with distributed resistances (first-order methodology) is used to describe 
the in-canopy profiles of vapour pressure deficit, D. The steady state solution for this scheme can 
be found by matrix solutions (Waggoner et al., 1969), reworked by Chen ( 1984) into a much faster 
and more elegant method. For the calculation of total fluxes, the greenhoused canopy model was 
found to be sufficient. In complicated models, numerical instabilities remain lingering problems, 
probably because of the multitude of feedbacks. Examples of different types of numerical insta-
bilities and of methods to solve them are discussed. Under conditions of water shortage, stomatal 
closure will occur, reducing the rates of both transpiration and C02 assimilation. Canopy temper-
ature is increased, but for proper interpretation of canopy temperatures measured by remote sen-
sing, the structure of the canopy should be taken into account. The simulated gradients of aerial 
properties were found to be much stronger in short and dense canopies than in taller and aero-
dynamically rougher canopies. Soil evaporation was potentially larger under broad-leafed species 
than under grass. Countergradient transport can be understood by second-order modelling, but it 
can also appear in the simpler first-order methodology by considering sudden wind gusts alter-
nating with periods of low wind. Mean gradients of scalars are dominated by the long periods of 
low wind and mean fluxes by the brief gusts. This phenomenon undermines the validity of in-
canopy flux measurement on the basis of observed mean gradients. 
INTRODUCTION 
Most of the radiation energy received by a crop surface is carried away to 
the atmosphere in the form of water vapour. Therefore, modelling oftranspir-
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ation and evaporation is essential to understand the micrometeorology of crops. 
The meteorological conditions, as measured at some reference level not too far 
above the canopy, can normally be considered as a good approximation of the 
crop environment because transport in air is relatively fast compared to trans-
port in soil. Sometimes, strong gradients may occur within the vegetation, es-
pecially under conditions of low wind speed and high radiation. Because of 
saturation of leaf photosynthesis and stomatal aperture at high radiation lev-
els, it is necessary to allow for the fact that radiation is not homogeneously 
distributed in plant canopies. 
Plant canopies generate the fluxes which influence the surrounding aerial 
conditions, but subsequently they also respond to these conditions. Simulation 
of micrometeorology is a tool to study the net result of these feedback mecha-
nisms. In this paper, some simulation methodologies are discussed to estimate 
the vertical gradients of scalars ( Ta, ea, C02 , etc.) and their corresponding fluxes of mass and energy. 
In order of decreasing importance, these fluxes are dominated by: (a) in com-
ing radiation and weather; (b) amount of leaf area and plant biomass; (c) 
functional characteristics of plant and soil such as leaf resistance, photosyn-
thetic properties, soil thermal conductance, etc.; (d) canopy structure in terms 
of simple characteristics such as plant height and leaf width. 
SOME MODEL ELEMENTS 
The Penman-Monteith combination equation 
One of the most useful model elements is the Penman-Monteith combina-
tion equation (abbreviated here as the PM equation) for a single leaf. It serves 
as a basic component that is repetitively used to build a detailed model for the 
plant canopy. When generalized to a crop surface, it gives rise to the so-called 
"big leaf" model. 
The derivation starts with the equations for sensible heat loss, C, and latent 
heat loss, J..E, at given differences between leaf and air for temperature and 
water vapour pressure, LJT and L1e 
and (la,b) 
A list of symbols is given at the end of this article. 
When the coupling of leaf vapour pressure with leaf temperature is taken 
into account, and also that the sum of C and J..E is equal to the net radiation, 
Rm the PM equation can be derived 
C a(rb+rdRn-apcPD/y 
rb +a r1 and J..E 
{1- a) rb Rn +a peP D / y 
rb +a r1 
(2) 
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Due to the feedback mechanism through leaf temperature and water vapour 
pressure, the effect of r 1 appears to be reduced by a temperature-dependent 
factor, a, which has a value of 0.3 at 20°C. Therefore, r1 must be more than 
three times larger than rb before the latent heat loss is halved in comparison 
with a completely wet leaf surface. 
Recently, Paw U and Gao ( 1988) mentioned two potential sources of error 
in the PM equation for large leaf -air temperature differentials ( >5o C). First 
linearization of the saturated vapour pressure curve, es ( T), which is implied 
in the PM equation, may lead to inaccuracies. However, by calculating the 
slope as its mean value between T1 and Ta, the exact error-free solution is al-
ways obtained. Obviously, this method requires iteration, but this is only an 
objection in theory. Convergence is so fast that two rounds are sufficient if the 
first round (the traditional PM equation) is not accurate enough. Second, they 
argued that thermal radiation may become important. This effect can be cor-
rected by introducing an apparent resistance for thermal radiation. With these 
minor extensions to the PM equation, the two sources of error are adequately 
eliminated. 
Radiation distribution 
The most important profiles in crop canopies are not those of air tempera-
ture and humidity, but of radiation and wind. The mean radiation level drops 
with increasing leaf area, the proportion of shaded and sunlit leaves is different 
at each level within the vertical profile and, in addition, among the sunlit leaves 
at each canopy level different orientations occur with respect to the direct solar 
beam. Radiation models that take these factors into account are now widely 
available and have been well described (de Wit, 1965; Ross, 1975; Goudriaan, 
1977; Hall din, 1978; Vygodskaya and Gorshkova, 1987). Numerical integra-
tion over the radiation profile and over the leaf classes is greatly facilitated by 
using Gaussian integration ( Goudriaan, 1986). This method also permits gra-
dients in the photosynthetic properties of leaves to be taken into account. Leaf 
angle distribution, which can be well described by three leaf inclination classes 
( Goudriaan, 1988), can be included, but does not appear to have a large effect 
on the f1uxes. 
Wind profile 
Wind is not only important for transport between canopy levels, it also af-
fects the leaf boundary layer resistance. With decreasing wind velocity inside 
the canopy, leaf boundary layer resistances increase. In this study, the wind 
profile was modelled as a simple exponential extinction with cumulative leaf 
area. The value of the extinction coefficient was based on simple first-order K 
theory. At a leaf area index (LA!) of 5, the ratio between wind speed at the top 
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and bottom of the canopy is typically a factor of 6, which means a factor of 2.5 
in leaf boundary layer resistance, rb ( Goudriaan, 1977). The predictions of this 
theory for roughness length and zero plane displacement were found to be a 
good approximation (Jacobs and van Boxel, 1988). 
THE BIG LEAF MODEL 
The PM equation takes into account the effects of both energy supply by 
radiation and air dryness. Because of this sound physical basis, the PM equa-
tion has been widely used in application to vegetated surfaces. Leaf properties 
are then generalized to vegetation surfaces, resulting in the big leaf model as a 
first approximation for the canopy-soil system. This model characterizes the 
canopy surface by a single crop resistance and by an atmospheric boundary 
layer resistance. It has been successfully used to analyse meteorological mea-
surements in the atmospheric boundary layer just above the crop canopy (de 
Bruin, 1983; Stewart and de Bruin, 1985). Being a simple expression, it has 
also been useful by serving as a lower boundary in a model for the atmospheric 
boundary layer (De Bruin and Jacobs, 1988). 
However, since it represents vegetation by a single surface resistance, this 
model fails to account explicitly for heterogeneity among leaves and for resis-
tances between leaves (Halldin and Lindroth, 1986; Lindroth and Halldin, 
1986). A more serious disadvantage is that the energy exchange at the soil 
surface underneath must be parameterized. The soil heat flux must be esti-
mated, for instance, as a fraction of net radiation. Such an estimate may well 
describe the situation under some typical conditions, but for transitional pe-
riods such as from day to night-time it tends to fail. 
THE "GREENHOUSED CANOPY" MODEL 
A second approximation is introduced here under the name of "greenhoused 
canopy" model. In this model, profiles of radiation and wind velocity are used 
as described above, but air temperature and humidity are treated as uniform. 
This is not an unbalanced approach since variation in the radiation and wind 
environment within the plant canopy affects the energy budgets of individual 
leaves to a much greater extent than variation in the properties of surrounding 
air. Net radiation, Rn, and with it leaf resistance, rh can easily vary by a factor 
of 10 among sunlit and shaded leaves, whereas such a range will rarely occur 
in vapour pressure deficit. 
In modelling canopy transpiration, the situation is complicated by feedback 
of in-canopy vapour pressure deficit. The air inside the canopy is moistened 
by leaf transpiration and heated by the excess of radiant energy that was not 
used for the transpiration process. Whether the vapour pressure deficit of the 
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air will increase or decrease depends on the balance between these two coun-
teracting effects. 
In the greenhoused canopy model, only one air layer inside the canopy is 
modelled and so the equations for air temperature, Tb and vapour pressure, eb 
are fairly simple 
LA! 
Ti=Ta+~ f C dL 
peP 
0 
and (3a,b) 
The integrations of this equation can be done over all layers and leaf classes, 
by Gaussian integration as described above, provided the profiles of C and J..E 
are known. However, when Ti and ei are changed, Di is affected as well. Since 
C and J..E depend on the in -canopy vapour pressure deficit, Db the resulting 
change in Di must be taken into account and an iterative loop seems inevitable. 
However, a convenient short cut is offered by linearization of the saturated 
vapour pressure curve, quite similar to the method used in the PM equation 
(4) 
By substitution of the expressions for C, J..E, Ti and eb this vapour pressure 
deficit inside the canopy, Db can be immediately expressed in a combination 
of canopy integrals of leaf resistance, leaf boundary layer resistance, rb, ab-
sorbed radiation per unit leaf area, Rm and vapour pressure deficit above the 
canopy Da. The boundary layer resistance between atmosphere and crop sur-
face, r a' enters the expression as a multiplication factor in front of the two 
integrals 
(5) 
If desired, it is possible to allow for the contribution of the fluxes from the 
soil by a separate term in addition to the integrations over leaf area. This equa-
tion gives a one-shot solution to the in-canopy vapour pressure deficit, Db 
while all temperature-vapour pressure feedbacks are included. 
AERIAL GRADIENT MODELS 
The third approximation in this series of models is obtained when resis-
tances between air layers in the canopy are no longer neglected and gradients 
in air properties inside the canopy are also taken into account. Although im-
plied earlier in the parameterization of the aerodynamic resistance above the 
canopy, at this point the separation between the first-order and the second-
order closure modellers (e.g., see Finnigan, 1985) becomes strongly apparent. 
In the simpler, first-order closure methodology as followed here, a scheme is 
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used with distributed resistances which gives rise to in -canopy profiles of air 
temperatures and vapour pressures. A few methods to find this profile will now 
be discussed. 
Dynamic integration 
At each canopy level, the fluxes are calculated based on the current profiles 
of temperatures and humidities. If ingoing and outgoing fluxes for some layer 
are not balanced, their net result is used to update the state of the layer. At the 
next time step, this procedure is repeated for each of the layers and for each of 
the state variables considered. 
Conceptually, this method is very attractive since the equations are straight-
forward and reflect immediately the modelled physics of the system. Numeri-
cally, there may be problems because of the number of computations involved. 
Especially when there is a large number of layers and when the rate of venti-
lation is high, this method becomes computing intensive. A time step of 1 s is 
typical ( Goudriaan, 1977). 
Solving for the aerial equilibrium situation 
Although in reality aerial equilibrium is continually disturbed at all time 
scales by variability in air conditions above the plant canopy, the equilibrium 
solution is still of interest as a reference solution, which will hopefully not 
deviate much from the mean situation. Also, the driving forces above the can-
opy are usually only known as values averaged over a period of time sufficiently 
long to work with in-canopy equilibrium. The equations for the profiles are 
complicated by the interdependence of vapour pressure deficit and tempera-
ture. Waggoner et al. ( 1969) developed the matrix solutions to find the steady 
state solution for this set of equations. This method was also used by Goud-
riaan and Waggoner (1972). Later, Chen (1984) presented a method, partly 
based on theoretical work by Perrier ( 1976), which does not require an explicit 
matrix inversion. Chen discovered that the particular mathematical structure 
permits the calculation of both the matrix determinant and all leaf energy 
balances within one single numerical loop from canopy bottom to canopy top. 
In a second loop from top to bottom, the canopy fluxes are found, and the 
profiles of D, e and Tare calculated. At present, this method developed by Chen 
( 1984) is the fastest and most elegant available. It has permitted a 300-fold 
increase in the time interval of integration so that it has become feasible to 
implement the microweather simulation in FORTRAN on a PC. 
In this article, Chen's method is used as a control. It should be noticed that 
the soil is not in thermal equilibrium in this model. In fact, the soil temperature 
is dynamically simulated and lags behind the soil surface temperature. 
245 
Validations of the complete steady state model can be found in Goudriaan 
( 1977) and independently in Hiramatsu et al. ( 1984). 
NUMERICAL STABILITY IN STEADY STATE MODELS 
Numerical instability remains a lingering problem in steady state method.., 
ology. Oscillations may emerge due to different reasons. 
Classical oscillations of soil temperature 
Soil temperature was not assumed to be in steady state and was simulated 
by an explicit integration of fluxes between layers. "Classical" oscillations of 
soil temperature occurred if the time interval of integration became larger than 
the time coefficient, governed by layer thickness and thermal conductance, 
typically at"' 900 s. Normally, the time interval was less than this critical value, 
so that more advanced numerical integration techniques were not necessary. 
Coupling of soil surface with canopy air 
Chen's equations assume an a priori known value of the soil heat flux at the 
soil surface. However, the subsequently calculated aerial profile may some-
times not be compatible with the energy budget at the soil surface that was 
assumed before. If the discrepancy is too large, at each subsequent time step 
the solution will further deviate and a strong oscillation may result. This prob-
lem was solved by calculating the soil surface temperature in two different 
ways, via the aerial profile and via soil temperature. On the basis of the dis-
crepancy between these two calculations, the soil heat flux was corrected and 
then used for the next time interval (Chen, 1984). The use of this method was 
essential to prevent oscillations, especially for the combination of a highly con-
ductive soil and an inversion above the canopy. 
Long-wave (thermal) radiation 
In the procedure followed here, net radiation was calculated (layer wise, 
separately for sunlit and shaded leaves) assuming that leaf temperature is the 
same as air temperature. This so-called isothermal net radiation was then used 
as a reference level, which was subsequently disturbed by the individual leaf-
air temperature differential. Leaf-leaf and leaf-soil thermal radiation ex-
change was ignored because of the assumed similarity of temperature devia-
tions. With a linearized approximation of the law of Stephan-Boltzmann, the 
disturbance is now equivalent to an increased emission of- 6 W m- 2 K- I, 
reduced for shielding of the sky by leaves overhead. This additional thermal 
emission cannot be included in Chen's method and must therefore be solved 
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iteratively. Fortunately, its convergence is so fast that the utilization of the 
leaf temperatures obtained during the previous time step was sufficiently 
accurate. 
Dew formation 
When the leaf temperature drops below the dewpoint temperature, and also 
as long as there is still dew or rain water present on the leaf surface, the sto-
matal resistance has no role in vapour transport. However, in the model serious 
oscillations can occur if leaf surface resistance is instantly switched to zero 
upon any appearance of dew. Therefore, leaf surface resistance was made a 
gradually declining function of dew. A range of only 0.004 mm of dew was 
sufficient to cure numerical instability caused by on-off dew formation. 
Atmospheric stability correction 
In a situation with low wind during the early morning hours, the program 
was found to keep switching between a stable and an unstable temperature 
profile in the atmospheric layer just above the crop canopy. The reason for this 
behaviour is the combination of a wet canopy, a positive net radiation and a 
low wind speed. In the early morning, the radiation was high enough to raise 
canopy temperature well above air temperature, because there was almost no 
exchange with the air above. However, this temperature increase generated 
buoyancy and relatively dry air was transported to the canopy, which was still 
wet from dew. Dew evaporation then cooled the canopy down below the air 
temperature and a brief inversion developed. At the next time step, the cycle 
was repeated. The extremes of this behaviour could be mitigated by adding 
some inertia to the simulated temperature profile and, of course, this type of 
oscillation disappeared as soon as the dew was evaporated. 
Aerial C02 
In the model, aerial C02 influenced the rate of photosynthesis, which in turn 
affected the profile of C02 itself. Normally, this feedback is weak and causes 
no problem. However, under an inversion in the early morning hours, when 
the sensible heat flux is still negative in spite of a considerable global radiation, 
simulated C02 inside the canopy became depleted. By the next time step, sim-
ulated photosynthesis became negative (due to photorespiration) and the os-
cillation was enhanced. By way of a preliminary solution, this problem could 
be cured by not permitting simulated C02 to drop below the compensation 
point. Perhaps, linearization of the photosynthesis-C02 response curve at the 
point of operation for each leaf class separately might have offered a better, 
but more complicated solution. It might then have been possible to find the 
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equilibrium profile of C02 in a similar way as was done for water vapour pres-
sure (see above) and, of course, it is always possible to return to a transient 
model with much smaller time intervals ( ,...., 1 s) in which aerial C02 is treated 
as state variable with inertia. In view of the briefness of the period of photo-
synthesis during an inversion, the preliminary solution described was thought 
to be acceptable. 
An intermediate conclusion 
As models become more complicated, their behaviour becomes more and 
more unpredictable, much like reality (Tennekes, 1987). Moreover, it becomes 
more and more difficult to tell whether "strange" model behaviour is just caused 
by numerical artefacts or whether it has a sound physical reason. 
SOME APPLICATIONS 
Canopy temperature by thermal radiometry 
To simulate the apparent crop surface temperature, the leaf temperatures at 
the Gaussian depths were weighted for their view factor towards the sky. Sim-
ilarly, the contribution of the soil surface temperature was taken into account. 
The view factor was based on the extinction coefficient calculated for black 
leaves, but otherwise similar as for visible and near infrared radiation. 
Stomatal closure, such as usually occurs under the influence of water short-
age, reduces both transpiration and the rate of C02 assimilation, while raising 
canopy temperature. Thermal radiometry can therefore give an indication of 
the water status of the canopy. To assess the covariation of canopy tempera-
ture and exchange fluxes, the radiometric canopy temperature was modelled 
in relation to increasing water shortage. The simulated relationship between 
net C02 assimilation and observable radiometric canopy temperature is given 
in Fig. 1 for two crop heights, typically wheat and short grass. In this situation 
(high radiation level, LA!= 4, dry soil surface), a loss of almost 50% of net 
C02 assimilation can be inferred from only one degree 'increase in observed 
canopy-air temperature difference. 
However, Fig. 1 also shows that about half a degree shift in canopy-air tem-
perature difference can be caused just by a smaller crop height. The simulated 
radiometric temperature of a shorter vegetation was higher, due to a larger 
boundary layer resistance ( r a) between the reference level ( 20 m height) and 
the canopy. This temperature increment was not caused by a smaller transpir-
ation rate; on the contrary, latent heat loss was even slightly higher at the same 
rate of net C02 assimilation. Because of the higher crop surface temperature, 
thermal emission was also increased and so sensible heat loss was less for the 
shorter vegetation. This combination of reduced sensible heat loss and in-
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net C02 assimilation versus crop surface temperature 
net C02 assimilation kg ha-1 hr-1 
701-
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Fig. 1. Simulated covariation of net C02 assimilation and radiometric crop surface temperature 
for a typical fine weather situation (Tables 3 and 4) as caused by changing water stress. At 20 m 
height, Tawas fixed at 20°C. The crop characteristics were those for wheat. 
creased canopy-air temperature difference was only possible on account of an 
increased aerodynamic resistance. 
The parallel course of the two lines in Fig. 1 for two different crop heights 
supports the practice of using well-irrigated reference plots. Provided crop 
heights in both fields are similar, the photosynthetic reduction due to water 
shortage can be reasonably estimated. 
Another structural characteristic of a crop, its average leaf width, can have 
some effect on crop surface temperature through leaf boundary layer resistance 
and the wind profile. Although the effect was not large, the temperature in-
crease over the full range of water stress would be slightly larger ( ""3.3 o C, 
instead of 2.5 o C) for a broad -leafed crop such as sugar beet, attributable to the 
larger leaf boundary layer resistance. A larger leaf width will also result in 
larger mean distances between individual leaves (when LAI and crop height 
are not altered), which increases the ventilation inside the plant canopy. Many 
aerodynamic crop characteristics are then altered, such as roughness length 
and zero plane displacement ( Goudriaan, 1977, Ch. 4.4). The K values tend to 
be larger, especially near the soil surface, and in-canopy wind speed will be 
larger. As a result, simulated soil evaporation (from a wet soil) was larger 
under broad-leafed species than under grass. 
The hot spot 
These examples show the difficulty in interpreting the meaning of a single 
measurable quantity. To obtain more information, other characteristics will 
be needed at the same time. A feasible candidate could be the radiometric can-
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opy temperature in the hot spot, which can be measured when the radiometer 
is pointed at its own shade. If the measurement is taken fast enough, the mea-
sured leaf temperature is still at its fully sunlit value, which can be several 
degrees higher than the mean radiometric temperature. 
To investigate whether this idea offers good experimental prospects, a sim-
ulation was carried out to look at the relationship between hot spot tempera-
ture and the effect of water shortage. Hot spot temperature was calculated in 
a way similar to crop surface temperature (see previous section), but shaded 
leaf area was excluded and for the sunlit leaf area only the most normally 
irradiated leaf class was used. 
As expected, the hot spot temperature was a few degrees higher than the 
mean crop surface temperature. Unfortunately, this excess value was almost 
independent of water stress. Therefore, according to this simulation, the hot 
spot-air temperature differential was not found to be a better measure for the 
canopy water status than the mean canopy-air temperature differential. 
However, as always, the results of simulations hinge critically on the as-
sumptions. Here, an important assumption may be that all leaves, sunlit or 
shaded, were supposed to have the same water potential. In reality, a transport 
resistance between the stem and the transpiring tissue may cause a faster de-
cline in water potential in sunlit leaves than in shaded leaves. Experimental 
investigation of the diagnostic potential of the hot spot temperature remains 
worthwhile. 
Simulated effects of doubled C02 
With regard to the effect of raised external C02 , it is well known from mea-
surements with individual leaves that C02 assimilation is stimulated and also 
that water loss is reduced. 
Microweather simulation enables an extrapolation of these effects to a can-
opy scale. In the simulation presented here, the C02 effects on leaf photosyn-
thesis and stomatal aperture were used as reported by Goudriaan et al. ( 1985). 
The stomatal effect of C02 is most purely present in C4 species, in which the 
assimilation rate is hardly affected, but the stomatal resistance is almost pro-
portional to external C02 • Indeed, the simulated crop resistance around noon 
increased from 70 to 127 s m- 1, which is a reduction to 55% in terms of crop 
conductance. The transpiration rate, however, did not decrease in the same 
proportion; it was reduced to 64% when air conditions inside the canopy were 
kept the same. This stabilization of transpiration rate is caused by increased 
leaf temperature. 
As pointed out by Jarvis and McNaughton (1986), increasing the scale of 
the modelled system will further stabilize the transpiration rate. This effect is 
also apparent from Table 1, where the relative change induced by C02 is given 
for two heights. When the upper boundary (reference height) is set at 20m, a 
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TABLE 1 
Simulated effect of doubled C02 on daily transpiration (T) and on daily assimilation (A). Con-
ditions were as defined in Table 3, except for crop height, which was 0.2 m and leaf width which 
was 0.01 m 
(a) With air conditions defined at a height of 0.2 m (no micrometeorological feedback) 
C02 c4 C:l (,umol mol- 1) 
A T WUE A T WUE ( g m- 2 day- 1 ) (mm day- 1) (mgg-1) ( g m- 2 day- 1 ) (mm day- 1 ) (mg g-1) 
350 88.03 3.516 25.04 63.988 4.562 14.03 700 88.03 2.265 38.87 96.477 3.729 25.87 Ratio 1.0 0.644 1.55 1.508 0.817 1.84 
(b) With air conditions defined at a height of20 m (so that there was micrometeorological feedback) 
CO:z c4 C:, (,umol mol- 1 ) 
A T WUE A T WUE ( g m- 2 day- 1 ) (mm day- 1) (mg g-1) (g m-2 day- 1) (mm day- 1) (mg g-1) 
350 88.03 3.631 24.24 61.03 4.074 14.98 700 88.03 2.699 32.62 94.39 3.654 25.83 Ratio 1.0 0.743 1.35 1.547 0.897 1.72 
considerable atmospheric boundary layer resistance, ra1 is introduced. Not only 
leaf temperature, but also the air conditions inside the canopy, are now altered 
by the fluxes of sensible and latent heat across the aerodynamic resistance 
between the canopy and the reference level at 20 m height. As a result, tran-
spiration crept up further to 7 4% of the original value. For C3 species, C02 has 
a greater effect on assimilation than on transpiration. However, in spite of the 
scale effect in all simulated circumstances, a considerable improvement of water 
use efficiency was found, varying between 1.3 for c4 species to 1.6 for c3 spe-
cies. The scale effect even enhanced the benefit of doubling atmospheric C0
2 for C3 species, apparently because of less serious effects of depletion under high 
radiation and low wind. 
Effect of model structure 
All models discussed here are members of the same family: the first-order K 
models. Within this family, the aerial steady state model with fully developed 
profile (five Gaussian layers) is considered here as a control. For daily total 
evapotranspiration, the greenhoused model could safely be used as a simpler 
substitute. For a typical fine weather situation, some simulated results are given 
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TABLE2 
Comparison of the 5-layered control and the simpler "greenhoused canopy" model. Both models 
are steady state models for the aerial profiles. Conditions are given in Table 3. 
5-layered Greenhoused 
Daily total water loss (wet soil) 5.03 5.42 mmday- 1 
Daily total water loss (dry soil) 4.39 4.41 mmday- 1 
Latent heat loss at noon 394.0 433.0 wm- 2 
Soil evaporation at noon 69.0 94.0 wm-2 
Plant transpiration at noon 325.0 339.0 wm- 2 
Mean soil temperature (wet soil) 14.6 14.0 oc 
Mean soil temperature (dry soil) 19.5 18.5 oc 
in Table 2. C02 assimilation was exactly the same (not given). The differences 
were small for plant transpiration. Soil evaporation was overestimated in the 
greenhoused model, apparently because in this model the air was supposed to 
be well mixed all the way down to the soil surface. Still, the greenhoused model 
can be considered as an acceptable approximation for the purpose of simulat-
ing canopy water loss and photosynthesis on a daily basis. 
COUNTERGRADIENT TRANSPORT 
The schemes given so far imply transport driven by gradients between layers 
(first-order closure), so that gradients and fluxes necessarily have the same 
orientation. However, observations (especially in forests) frequently indicate 
in versed temperature profiles under conditions with an upward flux of sensible 
heat. Others have shown that this apparent anomaly can be solved by account-
ing for the correlation between fluctuations of wind and temperature (Finni-
gan, 1985 ). The theory, which represents the turbulent structure of the trans-
port by means of cross-wise products of fluctuations, is fairly complicated 
(Raupach and Shaw, 1982). 
To avoid this complicated theory, I propose a simple visualization (and ad-
mittedly simplification) of what actually happens by considering the following 
hypothetical example, which was also modelled here. This gust model was never 
validated, but introduced here as a possible mechanism to understand coun-
tergradient transport. 
Wind gusts in a first-order model 
Suppose that on a clear day brief but strong wind gusts ("sweeps") con tin-
ually interrupt periods of low wind at intervals up to several minutes. In the 
model, these gusts were schematized to occur at regular intervals of 300 s and 
to last a very short time, only 3 .s. The resulting simulated cyclic behaviour of 
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the aerial profiles in the plant canopy is now analysed. During the calm pe-
riods, vertical transport is small, and temperature and humidity build up, dri-
ven by the sources formed by the leaf surfaces. These sources are much stronger 
in the upper part of the canopy because the absorption of radiation there is the 
most intense. The rate of increase of temperature and humidity is much faster 
than in the lower half of the canopy (Fig. 2). Given ample time, the tempera-
ture in the lower half of the plant canopy could reach higher values than in the 
upper half, but before this steady state profile can be formed an interrupting 
wind gust simply sweeps away all excess heat and moisture stored in the canopy 
air. During the period between two gusts, a transient temperature maximum 
exists in the middle of the canopy. The location of the maximum shifts down 
during its further development, but it is still clearly visible in the time average 
of the temperature over the complete cycle period of 300 s (Fig. 3). 
The local temperature maximum also shows up in the pattern of the accom-
panying sensible heat flux. It is upward (positive) in the upper half of the 
canopy, but negative in the lower part (Fig. 4 ). Because of the low wind, the 
exchange coefficients and the fluxes are small, but then during the brief gust 
all stored energy is removed at a very high rate. About 2oC of excess air tem-
perature (Fig. 2) over a height of 10 m corresponds to an amount of energy 
of"' 10 X 2 X 1250 = 25 kJ m - 2 • To remove this energy in 3 s, flux of"' 8 k W m - 2 
is needed, presumably carried by mass transport of air. Because of scaling, this 
flux was not drawn in Fig. 4, but instead the resulting average flux over the 
period 3-303 s was given. At the top, the average flux is doubled and in the 
lower half the small negative flux is turned into a considerable positive one. As 
a result of this sign inversion for the lower half of the canopy, a countergradient 
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Fig. 2. Simulated transient air temperature profile in a homogeneous forest, during a calm period 
immediately following a gust of wind which occurred from time 0 to 3 s. The radiation level was 
high (see also Table 4). 
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2.5 
Fig. 3. Simulated time-averaged profile of air temperature (see also Fig. 2) over the considered 
period of 300 s. 
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Fig. 4. Simulated sensible heat fluxes at the same moments as in Fig. 2. During the 3 s immediately 
after time 300 s, a gust swept away the excess heat by a brief flux up to 8 k W m- 2 (but decreasing 
with height). For reasons of scaling, this flux was not drawn, but it was included in the mean value 
of the flux over the period from 3 to 303 s. The flux itself was zero immediately after the gust. 
flow is simulated, at least in terms of average temperatures and average sen-
sible heat fluxes. 
The model was run with a time interval of 3 s for dynamic integration of the 
aerial profiles (as explained before). The profiles of wind velocity and eddy 
transport coefficient were taken as being instantaneously adapted to the wind 
velocity above the canopy. Observations of the penetration of wind gusts 
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TABLE3 
Input data for the simulations 
TMIN 10.000 oc daily minimum temperature at REFHT 
TMAX 20.000 oc daily maximum temperature at REFHT 
TDWMIN 10.000 oc daily minimum dewpoint temperature at REFHT 
TDWMAX 10.000 oc daily maximum dewpoint temperature at REFHT 
ATMTR 0.600 atmospheric transmissivity 
WINDR 1.000 ms- 1 wind speed at REFHT 
ECO~C 350.000 pmol moi- 1 CO:,! concentration at REFHT 
LAI 4.000 leaf area index 
CROPHT 10.0 m crop height 
REFHT 20.0 m reference height 
WIDTH 0.2 m width of leaves or of structural unit 
AMAXR 40.0 kg C02 ha- 1 h- 1 C.1: 60, maximum rate of net C02 assimilation 
DPLR 3.0 kg C02 ha- 1 h- 1 dark respiration rate of leaves at 30 o C 
C02CR 50.0 ,umol mol- 1 C,1: 0, C02 compensation point at 30 o C 
co2s 1000.0 pmol moi- 1 C4 : 100.0, C02 concentration where AMAX is 
saturated 
EFFR 16.7 gC02 MJ- 1 c": 13.9, potential light use efficiency of 
photosynthesis 
RCO~F 0.3 C.1: 0.6, 1- ratio C02 internal/C02 external 
RESCW 2000.0 sm- 1 cuticular resistance 
GSWOPT 0.02 ms- 1 maximum stomatal conductance permitted by water 
status 
RWCPM 0.7 relative water content canopy at wilting 
ROOTC 0.001 mms- 1 MPa- 1 root+ soil conductance 
LAT 50.0 degrees latitude 
DAY 180.0 day day number in year 
START 0.0 h hour of start of simulation (midnight) 
RESS 0.0 sm- 1 evaporation resistance at soil surface (wet) 
TEMP 16.374, 17.692, 18.851, 19.693, 20.089, 20.032, 19.700, 19.372, 19.215, 19.186 
oc soil temperatures of 10 layers at midnight 
LAMBDA 0.5 J m-1 s-1 jK-1 soil heat conductance 
WPOTS -0.0 MPa soil water potential (wet soil) 
WPOTLC -1.6 MPa leaf water potential at which reduction of AMAX 
begins 
RSOILV 0.200 soil albedo in visible and near infrared region 
0.300 
SCAT 0.200 leaf scattering coefficient in visible and near IR 
0.800 
NUMLL 5 number of aerial strata (Gaussian levels) 
FINTIM 86400.0 s duration of simulation 
DELT 300.0 s time step of simulation 
PRDEL 10800.0 s interval of printing (of output) 
("sweeps") into the plant canopy (Shaw et al., 1989) have shown that they 
can occur in a period as short as 3 s. 
Basically, the model was identical to the one described earlier ( Goudriaan, 
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1977), with some further development in using Gaussian integration as a more 
efficient algorithm. Some of the input data used are given in Table 3. In this 
example however; the humidity of the air was taken as extremely high to under-
line the phenomenon of apparent countergradient transport in the tempera-
ture profiles. 
In summary, the gust dominates the time-averaged fluxes, whereas the calm 
periods in between dominate time-averaged profiles of air temperature and hu-
midity. This difference in dominating period is the reason for an apparent 
phenomenon of countergradient flow, which occurs even though a simple first-
order micrometeorological model was used. When considered just instanta-
neously, countergradient flow cannot occur in this model. However, apparent 
countergradient flow becomes possible for simple averages of scalars and fluxes 
by the modelled alternation of relatively long periods of low wind and brief 
periods of high wind. 
Back to the steady state approach 
This phenomenon of gustiness is fatal for the calculation of fluxes from pro-
file measurements of air properties inside leaf canopies. It may be worthwhile 
to note that this conclusion applies equally to measurements of gradients of 
air pollutants inside forests. Transient profiles and the resulting countergra-
dient transports occur especially in forests because of the thermal inertia of 
the large volume of air. In short canopies, the steady state profile will occur 
more frequently because it needs less time to develop there. 
The steady state approach is apparently not an appropriate tool to derive 
fluxes from micrometeorological measurements of profiles. For the purpose of 
simulation of fluxes, however, the steady state approach is not defeated by a 
gustiness phenomenon. This robustness is illustrated in Table 4, where model 
results for both type of models are compared. 
It should be noted that a missing 20 W m - 2 in the energy balance was used 
as energy for photosynthesis. Although incoming global radiation was the same 
in the simulations for dry air and humid air, net radiation was larger in the 
simulation run for dry air because of a stronger transpirational cooling of the 
crop surface. Thermal emission was reduced by some 18 W m- 2• The soil sur-
face was assumed to be wet. To facilitate the comparison, the temperature of 
the top soil was set at 19oC for both models. The simulated soil heat flux, G, 
was slightly smaller in the gust model. Running the model for a couple of days 
showed that soil temperature became up to 1 oc lower. The energy available 
for transpiration is then about the same and the transpiration rates in the two 
models come even closer to each other than those shown in Table 4. The dif-
ference between the two models is then mainly expressed in a lower simulated 
soil temperature. 
This type of model still requires much more development in terms of a more 
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TABLE4 
Simulated latent and sensible heat fluxes around noon, averaged over a period of 5 min (one gust 
cycle). Parameters as in Table 3; these input data generated the following conditions for 12.00 h: 
Tn= 19.7°C, Da= 1069 Pa, R11 "'510 W m-:!, R~lohnl=710 W m- 2 • For this simulation, soil temper-
ature was set at 19oC to facilitate comparison 
(a) Rather dry air at 20m height: Tc~ew= lOoC (Du= 1069 Pa) 
R" A.E c G 
Steady state model 518 405 54 38 w _•) m -
Gusty model 517 431 46 21 wm- 2 
(b) Very humid air at 20m height: Tc~ .. w=20°C (D11 =0 Pa) 
R" A.E c G 
Steady state model 502 203 172 107 wm- 2 
Gusty model 499 218 168 92 wm- 2 
realistic frequency distribution of the wind velocity above the canopy. In the 
gust model, as presented here, the distribution of wind velocities was extremely 
biased. With a more realistic and less extreme distribution, the difference in 
simulated fluxes between the transient gust model and the steady state model 
will become even less. For gradient-based micrometeorology inside plant can-
opies however, the gap seems to be too large. 
LIST OF SYMBOLS 
Cp see peP 
c sensible heat flux from leaf or crop surface wm- 2 
D vapour pressure deficit in air surrounding a leaf Pa 
Da vapour pressure deficit in air above the canopy Pa 
Di vapour pressure deficit in air inside the canopy Pa 
ea water vapour pressure in air above canopy Pa 
ei water vapour pressure in air inside the canopy Pa 
es(T) saturated water vapour pressure at temperature Pa 
T 
E transpiration rate gm-zs-1 
ra boundary layer resistance (crop surface- sm- 1 
atmosphere) 
rb boundary layer resistance (for a leaf) sm- 1 
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rh,h rb for heat (including thermal radiation) s m- 1 
rb,v rh for water vapour s m- 1 
ri leaf resistance (stomatal II cuticular) s m- 1 
Rn actual net radiation wm- 2 
R· n,IRO isothermal ( T 1 = Ta) net radiation wm- 2 
s slope (first derivative) of es ( T) PaK-1 
T temperature oc 
Ta air temperature above (at reference level) oc 
Ti air temperature inside the canopy oc 
T1 leaf temperature oc 
Ur wind velocity at reference height m s-1 
a ratio )' / ( s + y' ) 
)' adiabatic psychrometric constant 67 Pa K- 1 
)'' actual psychrometric constant ( )'rb,v/ rb,h) 63 Pa K- 1 
Je difference eR ( Tl) - ea Pa 
JT difference T1- Ta K 
peP volumetric heat capacity of air J m-3 K-1 
), heat of vaporization of water 2450 J g- 1 
).E latent heat flux from leaf or crop surface wm- 2 
a Stephan-Boltzmann constant 5.66810- 8 W m- 2 
K-4 
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